Abstract: Fly ash and slag have been widely used to produce low-CO 2 concrete. However, previous studies have not paid enough attention to the lower carbonation resistance of fly-ash-and-slag-blended concrete and the aggravations of carbonation due to climate change. This study proposes a technique for the design of fly-ash-and-slag-blended concrete considering carbonation durability coupled with various climate change scenarios. First, CO 2 emissions are evaluated from concrete mixtures. Concrete strength and carbonation depth are evaluated using efficiency factors of fly ash and slag. A genetic algorithm (GA) is used to find the optimal mixture with the lowest CO 2 emissions considering the requirements of strength, carbonation durability, and workability. Second, we clarify the effect of cost on the mixture design of low-CO 2 concrete. A genetic algorithm is also used to find the optimal mixture with the lowest cost. We found that the optimal mixture with the lowest cost is different from that with the lowest CO 2 emissions. Third, by adding the additional constraint of cost, Pareto optimal mixtures are determined, which consider both lower CO 2 emissions and lower material cost. The analysis results show that carbonation durability is the control factor of mixture design of fly ash-slag blended concrete. To mitigate the challenge of climate change, the binder content of blended concrete should be increased.
Introduction
Fly ash and slag are widely used as mineral admixtures for producing environmentally friendly concrete. The additions of fly ash and slag present many advantages for the performance of concrete, such as increased early age workability, improved late-age strength, and enhanced chloride ingress durability. However, the carbonation resistance of concrete is lowered because of the addition of fly ash and slag. For the material design of fly-ash-and-slag-blended concrete in an atmospheric environment, carbonation resistance should be carefully checked [1, 2] .
Many studies have evaluated the CO 2 emissions of mineral admixtures blended concrete. Dijk et al. [3] made a practical engineering tool that can design a steel-reinforced concrete structural element and consider environmental performances, such as climate change, metal depletion, and fossil depletion. Randl et al. [4] reported that for ultra-high-performance concrete, when 45% of cement is replaced with fine slag, 42% of the global warming potential and 20% of acidification potential reductions can be achieved. Yu et al. [5] produced ultra-high-performance concrete using fly ash, slag, and limestone powders. They found that given the same compressive strength, the addition of mineral admixtures can reduce 25% of CO 2 emissions. Fantilli and Chiaia [6] and Chiaia et al. [7] proposed an eco-mechanical index for structural concrete. They found that when 25% fly ash and 0.5% steel fiber were added into concrete, the eco-mechanical performance of concrete could be improved.
Optimization Design of Concrete Mix Proportions
To optimize the concrete mixing proportions, the objective function and constraint conditions ought to be established. As CO 2 emissions from the cement industry account for about 7% of global CO 2 emissions. The reduction of CO 2 emissions is an emerging and valuable topic in the concrete industry. In this study, CO 2 emissions were the objective function. The constraint conditions considered the needs of concrete strength, carbonation durability, workability, component contents, component ratios, and absolute volume [16] .
Objective Function
The total CO 2 emissions of fly-ash-and-slag-blended concrete includes CO 2 emissions from concrete materials, transport, and the mixing of concrete [17, 18] . These emissions can be calculated as follows [17, 18] : CO 2−e = CO 2−eM + CO 2−eT + CO 2−eP (1) where CO 2−e , CO 2−eM , CO 2−eT , and CO 2−eP represent total CO 2 emissions, CO 2 emissions from concrete materials, CO 2 emissions from transport, and CO 2 emissions from the mixing operation of concrete, respectively. CO 2−eM can be calculated according to concrete mixture and unit CO 2 emissions of concrete components as follows:
CO 2−eM = CO 2−C × C + CO 2−SG × SG + CO 2−FA × FA + CO 2−W × W + CO 2−CA × CA + CO 2−S × S + CO 2−SP × SP (2)
where CO 2−c , CO 2−SG , CO 2−FA , CO 2−W , CO 2−CA , CO 2−S , and CO 2−SP are unit CO 2 emissions of cement, slag, fly ash, water, coarse aggregate, sand, and superplasticizer, respectively, and C, SG, FA, W, CA, S, and SP are the mass of cement, slag, fly ash, water, coarse aggregate, sand, and superplasticizer in concrete mixtures, respectively. Table 1 shows the CO 2 emissions of the concrete components. As this study concentrates on the influence of global warming on carbonation durability and concrete mixtures, the objective function was set to CO 2−eM . 
Constraint Conditions
The objective function (minimum of CO 2 emissions, CO 2−eM ) is exposed to various constraints, for example, concrete strength, carbonation durability, workability, component contents, component ratios, and absolute volume [16] .
The strength constraint means the design strength ought to be higher than the required strength. The formula for the strength constraint is as follows:
where f c (t) is the concrete strength at age t and f cr (t) is the required strength at age t. When fly ash and slag are used to replace partial cement, the fly ash and slag reaction will produce secondary calcium silicate hydrate, fill up the space of capillary pores, and contribute to the long-term strength of the concrete. However, the carbonation resistance decreases because of the increase of concrete porosity and the decrease of the content of calcium hydroxide from the additions of fly ash and slag. Hence, for fly-ash-and-slag-blended concrete in an atmospheric environment, strength alone cannot guarantee the carbonation durability of the fly-ash-and-slag-blended concrete. The carbonation constraint of concrete is shown as follows:
where x c (t) is the carbonation depth at the exposure service life and CV is the cover depth of the concrete. The workability constraint of fresh concrete is
where Slump r is the needed slump of concrete.
The components of concrete consist of cement, slag, fly ash, water, fine aggregate, coarse aggregate, and water-reducing agents. The range of component contents is lower ≤ component ≤ upper (6) where the component represents cement, fly ash, slag, water, fine aggregate, coarse aggregate, and superplasticizer. Table 2 shows the lower and upper limits of the concrete components [16] . The component ratio constraint is
Sustainability 2019, 11, 3394 4 of 14 where R i is the component ratio (for example, water-to-binder ratio, fly-ash-to-binder ratio, slag-to-binder ratio, mineral-admixtures-to-binder ratio, fine-aggregate-to-total-aggregate ratio, total-aggregate-to-binder ratio, and water-to-solid ratio). R l and R u are the lower and upper limits of the component ratio, respectively. Table 3 shows the component ratio constraints [16] . The absolute volume constraint is as follows:
where ρ W , ρ C , ρ SG , ρ FA ,ρ S , ρ CA , and ρ SP are the density of water, cement, slag, fly ash, sand, coarse aggregate, and superplasticizer, respectively, and V air is the volume of air in the concrete. The densities of water, cement, slag, fly ash, sand, coarse aggregate, and superplasticizer are 1000, 3150, 2900, 2130, 2610, 2700, and 1220 kg/m 3 , respectively. Equation (8) implies that the sum of each concrete component should be equal to 1 m 3 [16] .
Properties Evaluation of Fly-Ash-and-Slag-Blended Concrete

Strength Model
Papadakis [19, 20] proposed that for concrete that incorporates supplementary cementitious materials (SCMs), the strength of such concrete can be evaluated using efficiency factors of SCMs. The efficiency factor is dependent on the type of SCMs and ages. Yeh [21] conducted widely experimental studies about the compressive strength of fly-ash-and-slag-blended concrete. A total of 427 mixing proportions were used, and the maximum replacement ratios of slag, fly ash, and slag plus fly ash were 0.61, 0.55, and 0.75, respectively. Based on Yeh's study [21] , the compressive strength of fly-ash-and-slag-blended concrete at 28 days can be evaluated using Abrams' law:
where 0.773 and 0.385 are the strength efficiency factors of slag and fly ash, respectively. Because slag has higher reactivity than fly ash, the efficiency factor of slag is also higher than that of fly ash.
Carbonation Model
Papadakis [19, 20] proposed a general equation for evaluating the carbonation depth of concrete containing fly ash and slag. The equation considers both concrete material properties and environmental exposure conditions. As the relative humidity of the exposure environment is higher than 50%, the carbonation depth of fly-ash-and-slag-blended concrete can be determined as follows [19, 20, 22] : [19, 20, 22] , and RH is environmental relative humidity. The carbonation efficiency factors of slag and fly ash are 0.7 and 0.5, respectively [19, 20] . In the denominator of Equation (10), 0.218 × (C + 0.7 × SG + 0.5 × FA) × α H refers to the content of carbonatable substances in concrete.
In the numerator of Equation (11), are used for the climate change conditions [17, 18] . The effect of environmental temperature on CO 2 diffusivity can be viewed as using the Arrhenius law as follows [17, 18, 22] :
where
is CO 2 diffusivity at temperature T, and β is the activation energy of CO 2 (β = 4300).
Workability Model
According to the experimental results shown in [23, 24] , the slump of fly-ash-and-slag-blended concrete can be determined as follows: C+SG+FA is the fly ash substitute ratio in binder, and SP is the content of superplasticizer. This equation shows that concrete slump increases with water content, slag and fly ash substitute ratios, and superplasticizer content and decreases with the sand ratio. The unit of slump in Equation (13) is mm.
According to the mixing proportions in [23, 24] , the superplasticizer content in concrete could be roughly determined as a function of the water-to-binder ratio:
This equation shows that when the water-to-binder ratio decreases, the superplasticizer content in the concrete mixtures should increase.
Summary of Properties Evaluation Models and Genetic Algorithm
Summarily, within this section, we determine the objective function and constraints of the concrete mixing proportions. The objective function is minimum CO 2 emissions, CO 2−eM . The properties evaluation models consist of a strength model, carbonation model, and slump model. The calculation results of properties evaluation models can be used as constraints of optimal design. The constraints include various performance standards, for example, compressive strength, carbonation coupled with climate change scenarios, workability of fresh concrete, component contents, component ratios, and absolute volume of the concrete mixture. The objective function and constraints can be determined from concrete mixtures and the environment. Once the objective function and constraints are solved, the concrete mixtures that meet various performance standards can be acquired.
A genetic algorithm can deal with constraints well, analyze beyond the local optimum, and finally get the global optimal solution, with strong global search ability. Hence, in this study, we used a genetic algorithm for solving the objective function with constraints. A genetic algorithm is an adaptive global optimization probability search algorithm that simulates the genetic and evolutionary processes of living things in the natural environment [25] . The process of the genetic algorithm is summarized as follows: step 1: generate the initial population; step 2: calculate the fitness; step 3: select cross mutation operations and compute fitness function; and step 4: check convergence criteria. Repeat step 3 until the convergence criteria are met.
In this study, we used the MATLAB (version R2019a, The Mathworks Korea, Seoul, Korea) global optimization toolbox for solving objective optimization with constraints [25] . The objective function and constraints equation can be set in the MATLAB global optimization toolbox. According to the genetic algorithm, the optimal mixture that has the minimum CO 2 emissions and can meet various constraints was found.
Illustrative Examples
In this section, regarding the carbonation durability issue, temperate exposure conditions coupled with three climate change scenarios are considered. Table 4 shows the exposure conditions of a temperate climate. The required 28-day compressive strength of concrete is 25 MPa [26] , the cover depth is 30 mm [26] , and the average exposure temperature is assumed to be 15 • C [26] . Figure 1 shows three climate change scenarios. The representative concentration pathway (RCP) 8.5 and 4.5 scenarios suggested by the Intergovernmental Panel on Climate Change (IPCC) were considered in this study [14] . Additionally, the case of constant climate (no climate change) was also considered for clarifying the effect of climate change on concrete mixtures design. RCP 8.5 showed higher CO 2 concentration and temperature increases than RCP 4.5 or constant climate. For these three cases (temperate climate exposure conditions coupled with three climate change scenarios), the aimed carbonation service life was 50 years. The air content in the concrete mixtures V air was assumed to be 2%. The design slump of concrete was 180 mm. The relative humidity was 0.65. The starting time of carbonation exposure was the year 2000. A genetic algorithm can deal with constraints well, analyze beyond the local optimum, and finally get the global optimal solution, with strong global search ability. Hence, in this study, we used a genetic algorithm for solving the objective function with constraints. A genetic algorithm is an adaptive global optimization probability search algorithm that simulates the genetic and evolutionary processes of living things in the natural environment [25] . The process of the genetic algorithm is summarized as follows: step 1: generate the initial population; step 2: calculate the fitness; step 3: select cross mutation operations and compute fitness function; and step 4: check convergence criteria. Repeat step 3 until the convergence criteria are met.
In this study, we used the MATLAB (version R2019a, The Mathworks Korea, Seoul, Korea) global optimization toolbox for solving objective optimization with constraints [25] . The objective function and constraints equation can be set in the MATLAB global optimization toolbox. According to the genetic algorithm, the optimal mixture that has the minimum CO2 emissions and can meet various constraints was found.
In this section, regarding the carbonation durability issue, temperate exposure conditions coupled with three climate change scenarios are considered. Table 4 shows the exposure conditions of a temperate climate. The required 28-day compressive strength of concrete is 25 MPa [26] , the cover depth is 30 mm [26] , and the average exposure temperature is assumed to be 15 °C [26] . Figure 1 shows three climate change scenarios. The representative concentration pathway (RCP) 8.5 and 4.5 scenarios suggested by the Intergovernmental Panel on Climate Change (IPCC) were considered in this study [14] . Additionally, the case of constant climate (no climate change) was also considered for clarifying the effect of climate change on concrete mixtures design. RCP 8.5 showed higher CO2 concentration and temperature increases than RCP 4.5 or constant climate. For these three cases (temperate climate exposure conditions coupled with three climate change scenarios), the aimed carbonation service life was 50 years. The air content in the concrete mixtures Vair was assumed to be 2%. The design slump of concrete was 180 mm. The relative humidity was 0.65. The starting time of carbonation exposure was the year 2000. 
Proportional Design without Considering Carbonation
As shown in Table 4 , for a temperate climate exposure, the required strength of concrete was 25 MPa. In this section, we consider a proportional design without considering carbonation. In our calculation, the number of the sample population of the generic algorithm (GA) was set to 1500, the fitness function of the GA was CO 2 emission, and the constraints of the GA were concrete strength, slump, concrete component, component ratio, and absolute volume of the concrete mixture. Because this section ignores the requirement of carbonation durability, the constraints of the GA in this section did not include carbonation durability. According to the genetic algorithm, the concrete mixture was calculated and named mix 1, as shown in Table 5 . For mix 1, the water-to-solid ratio was 0.08. This was because of the constraint equation of the water-to-solid ratio (the minimum value of water-to-solid ratio is 0.08). The substitution ratio of slag plus fly ash was 0.75. This was because of the constraint equation of the mineral-admixture-to-binder ratio (the maximum value of mineral-admixture-to-binder ratio is 0.75). The performance of mix 1 is shown in Table 6 . The 28-day compressive strength of mix 1 was 25 MPa, and the slump was 180 mm. According to the carbonation model, for concrete mixtures and exposure conditions (temperate climate without climate change), a carbonation depth of mix 1 was calculated and is shown in Figure 2 . The carbonation depth at 50 years was much higher than the cover depth of 30 mm. Because the carbonation depth was higher than the cover depth, carbonation durability was not satisfied. This means that the required strength and cover depth in Table 4 were not compatible with the high-volume fly-ash-and-slag ternary-blended concrete. To satisfy carbonation durability, the strength of the concrete should be higher than that shown in Table 4 . In summary, for the proportional design of high-volume fly-ash-and-slag ternary-blended concrete, carbonation durability cannot be ignored and must be considered. 
Proportional Design Considering Carbonation
As discussed in Section 3.1, for the proportional design of high-volume fly-ash-and-slag ternaryblended concrete, when we only considered compressive strength, the requirement of carbonation durability could not be met. Hence, in this section, we present a proportional design considering both strength and carbonation durability.
Considering both strength and carbonation, concrete mixtures for temperate climate exposure coupled with three climate change scenarios were calculated (as shown in Table 7 ). The performance of each mixture, including the strength, slump, and carbonation depth, is shown in Table 8 . Mix 2, mix 3, and mix 4 apply to no climate change, the RCP 4.5 scenario, and the RCP 8.5 scenario, respectively. As shown in Table 7 , as the climate change scenario shifted from no change to RCP 8.5, and the binder contents increased due to increases in the CO2 concentration and temperature. This 
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of each mixture, including the strength, slump, and carbonation depth, is shown in Table 8 . Mix 2, mix 3, and mix 4 apply to no climate change, the RCP 4.5 scenario, and the RCP 8.5 scenario, respectively. As shown in Table 7 , as the climate change scenario shifted from no change to RCP 8.5, and the binder contents increased due to increases in the CO 2 concentration and temperature. This means that, to meet the challenges of climate change, a richer mix of concrete is necessary. A richer mix can increase the content of carbonatable substances, lower concrete porosity, and subsequently increase the carbonation resistance of concrete. As shown in Table 8 , the compressive strengths of concrete (29-31 MPa) tended to be greater than the designed compressive strengths (25 MPa). The carbonation depth at 50 years was equal to the cover depth of 30 mm. Basically, for high-volume fly-ash-and-slag ternary-blended concrete, the concrete mixtures were controlled by carbonation durability, because fly ash and slag impaired the carbonation resistance of the concrete. Figure 3 shows the carbonation depth and strength for temperate climate exposure in three climate change scenarios. As shown in Figure 3a , in the case of no climate change, after 50 years of exposure, the carbonation depth of mix 2 was equal to the cover depth of 30 mm. On the other hand, for the RCP 4.5 and 8.5 scenarios, the carbonation depth of mix 2 is higher than 30 mm. This means that mix 2 could meet the carbonation durability design in the no climate change scenario but could not meet the requirements of the RCP 4.5 and 8.5 climate change scenarios.
As shown in Figure 3b , in the RCP 4.5 scenario, after 50 years of exposure, the carbonation depth of mix 3 was equal to the cover depth of 30 mm. Meanwhile, for the RCP 8.5 scenario, the carbonation depth of mix 3 was greater than 30 mm. This means that mix 3 could meet the carbonation durability design of the RCP 4.5 scenario but could not meet the requirements of the RCP 8.5 climate change scenario.
As shown in Figure 3c , in the RCP 8.5 scenario, after 50 years of exposure, the carbonation depth of mix 4 was equal to the cover depth of 30 mm. This means that mix 4 could meet the carbonation durability design of the RCP 8.5 climate change scenario. Figure 3d shows the compressive strength for the various climate change scenarios. As the climate change scenario shifts from no change to the RCP 8.5 scenario, the compressive strength of the concrete increased. To satisfy the challenges of global warming, the design compressive strength of concrete should be increased. Figure 3e shows CO 2 emissions for mixes 1-4. As the compressive strength increased, the CO 2 emissions also increased. Figure 3d shows the compressive strength for the various climate change scenarios. As the climate change scenario shifts from no change to the RCP 8.5 scenario, the compressive strength of the concrete increased. To satisfy the challenges of global warming, the design compressive strength of concrete should be increased. Figure 3e shows CO2 emissions for mixes 1-4. As the compressive strength increased, the CO2 emissions also increased. 
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Effect of Cost on the Design of Low-CO 2 Concrete
In Sections 3.1 and 3.2, the objective function of genetic optimization was set to CO 2 emissions. In the concrete industry, concrete producers and construction companies are interested in not only CO 2 emissions, but also the cost of concrete. Similar to CO 2 emissions, the cost of concrete also can be calculated from the contents and unit prices of concrete components (as shown in Table 9 ). Based on similar methods presented in Section 3.2, the concrete mixture with the lowest price considering various constraint equations was determined. The climate change scenario was assumed to be RCP 4.5. The objective function of the genetic algorithm was min (COST). The calculated concrete mixture was named mix 5, as shown in Table 10 . As shown in Figure 4 , the carbonation depth of mix 5 after 50 years of service equaled the cover depth (30 mm). As shown in Table 11 , the strength of mix 5 was 27.54 MPa, which was higher than the design strength (25 MPa). The climate change scenario for mixes 3 and 5 was the same, i.e., RCP 4.5, while the optimization object of mixes 3 and 5 were different. The object of mix 3 was lowest CO2 emissions and the object of mix 5 was lowest price. The component compositions of mix 3 were different from that of mix 5. In other words, the aims of lowest CO2 emissions and lowest price could not be achieved simultaneously. The fly ash content in mix 5 was much higher than that in mix 3. This was because the price of fly ash was much less than that of slag (as shown in Table 9 ). The water content in mixes 3 and 5 was similar because of the constraint equation of the water-to-solid ratio (the minimum value of the water-to-solid ratio was 0.08). The substitution ratios of slag plus fly ash in mixes 3 and 5 were 0.75. This was because of the constraint equation of the mineral-admixture-to-binder ratio (the maximum value of the mineral-admixture-to-binder ratio was 0.75).
Although the aim of lowest CO2 emissions and lowest price could not be achieved simultaneously, we could compromise between low CO2 emissions and low price. In other words, we could design concrete with relatively lower CO2 emissions at a relatively lower price. To design concrete with both lower cost and lower CO2 emissions, we set an additional constraint for the cost of concrete. The constraint equation of cost was an equality constraint: COST = (1000, 1010, 1020) (15) where the values of (1000, 1010, 1020) are between the prices of mixes 3 and 5 (the cost of mixes 3 and 5 are 1023.5 and 995.89, respectively).
The design requirements can be summarized as follows: objective function is lowest CO2 emission, the cost of each mixture equaled 1000, 1010, or 1020, respectively, and other items were the same as mix 3 or mix 5. In this section, the additional equality constraint was cost of concrete, while in Section 3.2, there was no constraint for cost. The climate change scenario for mixes 3 and 5 was the same, i.e., RCP 4.5, while the optimization object of mixes 3 and 5 were different. The object of mix 3 was lowest CO 2 emissions and the object of mix 5 was lowest price. The component compositions of mix 3 were different from that of mix 5. In other words, the aims of lowest CO 2 emissions and lowest price could not be achieved simultaneously. The fly ash content in mix 5 was much higher than that in mix 3. This was because the price of fly ash was much less than that of slag (as shown in Table 9 ). The water content in mixes 3 and 5 was similar because of the constraint equation of the water-to-solid ratio (the minimum value of the water-to-solid ratio was 0.08). The substitution ratios of slag plus fly ash in mixes 3 and 5 were 0.75. This was because of the constraint equation of the mineral-admixture-to-binder ratio (the maximum value of the mineral-admixture-to-binder ratio was 0.75).
Although the aim of lowest CO 2 emissions and lowest price could not be achieved simultaneously, we could compromise between low CO 2 emissions and low price. In other words, we could design concrete with relatively lower CO 2 emissions at a relatively lower price. To design concrete with both lower cost and lower CO 2 emissions, we set an additional constraint for the cost of concrete. The constraint equation of cost was an equality constraint: COST = (1000, 1010, 1020) (15) where the values of (1000, 1010, 1020) are between the prices of mixes 3 and 5 (the cost of mixes 3 and 5 are 1023.5 and 995.89, respectively). The design requirements can be summarized as follows: objective function is lowest CO 2 emission, the cost of each mixture equaled 1000, 1010, or 1020, respectively, and other items were the same as mix 3 or mix 5. In this section, the additional equality constraint was cost of concrete, while in Section 3.2, there was no constraint for cost.
Based on the genetic algorithm, the mixtures were determined and named mixes 6-8, respectively. The results of the concrete mixtures are shown in Table 12 . As shown in Table 13 , the cost of mixes 6-8 were 1000, 1010, and 1020, respectively, and the CO 2 emissions of mixes 6-8 were 113.88, 110.36, and 106.08, respectively. The cost and CO 2 emissions of mixes 6-8 were generally between mixes 3 and 5. In other words, mixes 6-8 had both lower cost and lower CO 2 emissions. Figure 5a shows CO 2 emissions versus concrete cost. As CO 2 emissions increased, concrete cost decreased. Pareto optimal solutions mean that improving any objective function based on a nondominated solution will inevitably weaken at least one other objective function. Figure 5b shows an example of a Pareto optimal solution [25, 27] . The x and y axes represent the values of functions f2 and f1, respectively. Points A and B are two points on the Pareto optimal solution. At point A, the function value of f1 is higher, while at point B, the function value of f2 is higher. Hence, mixes 6-8 are the Pareto optimal solutions for the design of low-CO2 emissions and low-cost concrete.
The performances of mixes 6-8 are shown in Table 13 . As shown in Table 13 , the compressive strengths of mixes 6-8 were higher than the design strength of 25 MPa. The fly-ash-plus-slag replacement ratios for mixes 6-8 were 0.75. The carbonation depth equaled the concrete cover depth of 30 mm (as shown in Figure 6a-c) . Additionally, as shown in Figure 6d , as concrete strength increased, CO2 emissions decreased. This is different from that in Figure 3e . This is due to the Pareto optimal solutions mean that improving any objective function based on a nondominated solution will inevitably weaken at least one other objective function. Figure 5b shows an example of a Pareto optimal solution [25, 27] . The x and y axes represent the values of functions f2 and f1, respectively. Points A and B are two points on the Pareto optimal solution. At point A, the function value of f1 is higher, while at point B, the function value of f2 is higher. Hence, mixes 6-8 are the Pareto optimal solutions for the design of low-CO 2 emissions and low-cost concrete.
The performances of mixes 6-8 are shown in Table 13 . As shown in Table 13 , the compressive strengths of mixes 6-8 were higher than the design strength of 25 MPa. The fly-ash-plus-slag replacement ratios for mixes 6-8 were 0.75. The carbonation depth equaled the concrete cover depth of 30 mm (as shown in Figure 6a-c) . Additionally, as shown in Figure 6d , as concrete strength increased, CO 2 emissions decreased. This is different from that in Figure 3e . This is due to the additional equality constraint of price.
Pareto optimal solutions mean that improving any objective function based on a nondominated solution will inevitably weaken at least one other objective function. Figure 5b shows an example of a Pareto optimal solution [25, 27] . The x and y axes represent the values of functions f2 and f1, respectively. Points A and B are two points on the Pareto optimal solution. At point A, the function value of f1 is higher, while at point B, the function value of f2 is higher. Hence, mixes 6-8 are the Pareto optimal solutions for the design of low-CO2 emissions and low-cost concrete.
The performances of mixes 6-8 are shown in Table 13 . As shown in Table 13 , the compressive strengths of mixes 6-8 were higher than the design strength of 25 MPa. The fly-ash-plus-slag replacement ratios for mixes 6-8 were 0.75. The carbonation depth equaled the concrete cover depth of 30 mm (as shown in Figure 6a-c) . Additionally, as shown in Figure 6d , as concrete strength increased, CO2 emissions decreased. This is different from that in Figure 3e . This is due to the additional equality constraint of price. 
Generalization of the Proposed Method
A genetic algorithm is widely used for optimal mixture design of concrete [16, 23, 27] . However, previous studies [16, 23, 27] mainly focused on cost, concrete strength, and workability and did not consider the impact of climate change or carbonation durability of blended concrete. This study filled these gaps and considered climate change and carbonation durability. In addition, for a number of countries, the restrictions on the component content, component ratios, equations for CO2 emissions, compressive strength, carbonation depth, slump, and climate change scenarios might be different from the individual equations utilized in this study. For example, the calculation equations of concrete carbonation depth from Europe [19, 20] , Australia [26] , and Japan [27] are different. Other researchers may use their own equations instead of the related equations within this study. Even though the calculation equations might be different, the calculation procedure remains similar. Through the use of the genetic algorithm, researchers should be able to design low-CO2 concrete that meets the domestic needs of their respective countries. Hence, to some degree, the method presented in this study is really a general method that considers both sustainability and sturdiness for a number of regional conditions.
Conclusions
In this study, we proposed a technique for designing low-CO2 cement-fly ash-slag ternaryblended concrete. The proposed method combined a genetic algorithm with properties evaluation models, such as a strength model, workability model, and carbonation model coupled with climate 
Generalization of the Proposed Method
A genetic algorithm is widely used for optimal mixture design of concrete [16, 23, 27] . However, previous studies [16, 23, 27] mainly focused on cost, concrete strength, and workability and did not consider the impact of climate change or carbonation durability of blended concrete. This study filled these gaps and considered climate change and carbonation durability. In addition, for a number of countries, the restrictions on the component content, component ratios, equations for CO 2 emissions, compressive strength, carbonation depth, slump, and climate change scenarios might be different from the individual equations utilized in this study. For example, the calculation equations of concrete carbonation depth from Europe [19, 20] , Australia [26] , and Japan [27] are different. Other researchers may use their own equations instead of the related equations within this study. Even though the calculation equations might be different, the calculation procedure remains similar. Through the use of the genetic algorithm, researchers should be able to design low-CO 2 concrete that meets the domestic needs of their respective countries. Hence, to some degree, the method presented in this study is really a general method that considers both sustainability and sturdiness for a number of regional conditions.
Conclusions
In this study, we proposed a technique for designing low-CO 2 cement-fly ash-slag ternary-blended concrete. The proposed method combined a genetic algorithm with properties evaluation models, such as a strength model, workability model, and carbonation model coupled with climate change.
First, CO 2 emissions were calculated from concrete mixing proportions. Concrete strength and carbonation depth were calculated using efficiency factors of fly ash and slag. CO 2 emissions were the target of a genetic algorithm. The genetic algorithm was used to obtain the concrete mixtures that had the lowest CO 2 emissions and satisfied the constraint conditions of strength, workability, and carbonation durability along with climatic change. The optimization results could reflect the effect of climate change on the mixture design of low-CO 2 concrete. For high-volume fly-ash-and-slag ternary-blended concrete, the concrete mixtures were controlled by carbonation durability, because fly ash and slag impair the carbonation resistance of concrete. To meet the challenges of climate change, a richer mix of concrete is necessary, and the design compressive strength of blended concrete should be increased.
Second, the effect of the cost of materials on the mixing style of low-CO 2 concrete was clarified, and the mixture with the lowest cost was determined. We found that the mixture with the lowest cost was different from that with the lowest CO 2 emissions. The aims of lowest CO 2 emissions and lowest price could not be achieved simultaneously. Pareto optimal solutions were determined, which considered both low CO 2 emissions and material cost. The mixtures of Pareto optimal solutions were between lowest CO 2 emissions and lowest material cost. The Pareto optimal mixtures had lower CO 2 emissions and lower material cost. For the Pareto optimal solutions, as CO 2 emissions increased, concrete cost decreased. Additionally, by replacing a properties evaluation model with relevant design codes, the proposed method can be generalized to apply to various countries.
